Abstract: Jarosite residues in zinc hydrometallurgy are considered as hazardous waste as they contain heavy metals such as Zn and Pb. A novel vacuum reduction and distillation process has been put forward to recover Zn and Pb from jarosite residues. Four main factors including the amount of coke powder, amount of lime powder, heating temperature, and holding time which have an influence on volatilization of Zn and Pb were studied in this paper by the statistical software JMP. The results show that heating temperature is the key factor among the four contributing factors. By examination of the relationship between the four factors and the volatilization of Zn and Pb, it is indicated that a heating temperature of 1000°C, holding time of 90 min, and addition of 29.6% coke powder and 13% lime powder to the residues led to optimum ratios of 99.4% of both Zn and Pb volatilization. The results show that this process is an effective method in dealing with zinc, lead, and iron in jarosite residues and it is an environment-friendly process.
Introduction
Jarosite residues come from jarosite process in traditional zinc hydrometallurgy [1, 2] . When zinc calcine is leached with strong acid at high temperature a leaching solution with high iron is produced. More calcine is added to neutralize the solution and remove iron, thereby a precipitation of jarosite is formed [2, 3] . Zinc hydrometallurgy provides for more than 85% weight of zinc in the world every year [2] . In China, approximately one million tons of jarosite residues are produced annually [1] . Accumulated jarosite residues have to be stored and thus take up massive land area. Furthermore, jarosite residues are considered as hazardous wastes and create some environmental problems due to the presence of heavy metals such as lead (Pb), zinc (Zn), indium (In), silver (Ag), etc., and some toxic ingredients such as arsenic (As) [4] .
Many efforts have been made to treat jarosite residues. It is important to recover valuable metals from the residues. Till now, three main kinds of methods have been adopted to recover valuable metals. The first method is the reduction volatilization. Rotary kiln process in China is one such method. In this process, coke powder is added to the residues and then the mixture is heated to 1200°C to volatilize zinc and lead and recover these two metals. The process is effective but the energy consumption is high. Furthermore, the volatilization process results in air pollution [3] [4] [5] . The running Ausmelt in South Korea is of high cost and causes air pollution [2, 4] . In another direct reduction process, jarosite residues are reduced with coal slime. A good volatilization of Zn and Pb is achieved and a high recovery of iron is obtained in this process but sulfur in the residues is a contamination to the obtained iron [6] . Therefore, a good reduction volatilization method should be a comprehensive recovery method. The second method is roasted jarosite residues leaching process in which the residues are roasted to decompose the stable valuable metal forms and subsequently leached to recover the valuable metals. If NH 4 Cl solution is used as the leaching agent, many metals such as Pb, Zn, and Ag can be leached and recovered [1, 2, 4] , but a residue with approximately 55% iron is left [4, 7, 8] . The third method is the direct acid leaching process in which jarosite residues are leached with acid again to recover zinc and iron [9, 10] . This kind of method has a very complicated impurity removing process making it costly [9] [10] [11] . As stated earlier, the problem in the recovery of valuable metals from jarosite residues is to find a comprehensive way to recover as many metals as possible at low cost and low pollution.
A novel vacuum reduction and distillation process was employed in this study to recover zinc and lead as well as to recover iron by magnetic separation from jarosite residues. In this process, jarosite residues were mixed with coke and lime powder and heated to reduce zinc and lead and then distill the metals in a vacuum furnace. As a result, zinc and lead were reduced and recovered by distillation while iron was reduced to magnetite or/and iron element thereby being able to be separated by magnetism. The results show that this method is effective. The experimental conditions which may have an effect on the volatilization process have been discussed in this paper.
Materials and methods

Materials
Jarosite residues used in this study were taken from a zinc smelter in Shaanxi province in China. Chemical and phase analyses of the residues were carried out after they had been dried at 100°C. Contents of some metals in the residues are given in Table 1 and the XRD patterns are shown in Figure 1 .
It is seen in Figure 1 that the main phases in the residues are iron hydroxide, zinc hydroxide, goethite, and jarosite. By examination of the zinc calcine leaching process in zinc metallurgy, lead in the residues is thought to exist as lead sulfate [4] .
Coke powder (Shaanxi Longmen Steel, China) with particle size less than 76 μm was added to the residues as reducing agent. Available lime powder produced by Tianjin health chemical reagent factory was used to decrease the partial pressure of SO 2 released during the process and increase the melting temperature of jarosite residues [4] .
Theoretical analysis of the experiment
According to some research, the main phases in jarosite residues will change to other chemical forms when they are heated at the temperature determined by this vacuum reduction distillation process. Jarosite decomposes into Fe 2 O 3 , SO 2 
Experimental procedure
The dried residues were thoroughly mixed with coke and lime powder in a determined proportion. The mixture then was pressed into columns (diameter: 20 mm, height: 10 mm) under a pressure of 5.5 MPa. The prepared sample was transferred into a vacuum furnace (Luoyang Sigma Instrument Manufacture Co., Ltd., Luoyang, China) and then heated to a preset temperature for a given holding time under the vacuum of 2-4 Pa. After furnace cooling, the content of Zn and Pb in each sample was tested and the volatilization ratio of each metal was calculated, respectively.
Results and discussion
Approach for experiment design and data processing
The experiment was designed using DOE (design of experiment) function of JMP [14, 15] which is a statistical software developed by the SAS Institute Inc, Cary, NC, USA. The four contributing factors including the amount of coke powder, amount of lime powder added to the residues, heating temperature, and holding time which may have a great influence on the volatilization were studied using JMP. Due to the interfering tasks of volatilization of both Zn and Pb in this vacuum reduction and distillation process, the results of the experiment were analyzed using leverage diagram of JMP to determine the significance of the influence of each factor on the volatilization. This data processing method had been selected by reading the JMP software manual. 
Results
Each sample weighed about 40 g in which the amount of coke powder varied from 10% to 50% and the amount of lime powder ranged from 1% to 25%. The heating temperatures changed from 800°C to 1000°C and the holding times varied from 30 min to 90 min. For each sample in each test, the four contributing factors of the experimental conditions were determined according to the design of JMP. Table 2 , stand for the volatilization ratios of zinc and lead, respectively. The reduced solid samples appeared as powder and were not sintered making the following magnetic separation easier. It is reported that the magnetic separation is used to recover zinc and iron in jarosite residues [16] . Zinc ferrite in the residues is reduced to zinc oxide and magnetic iron or iron oxide. Thus, iron can be separated by magnesium. However, the agglomeration of the residues in the roasting process leads the separation to a bad result [16] . The experimental conditions and the corresponding volatilization results of zinc and lead are shown in Table 2 .
The leverage diagram of JMP, which is intuitive and convenient was used to find the significance of the impact of each factor. The volatilization ratio data in Table 2 were input into the software making the leverage diagrams being drown. Figures 2 and 3 show the leverage diagrams of the four factors for zinc and lead volatilization, respectively.
Discussion
Significance of influence of the four contributing factors on the volatilization
The dotted horizontal line in Figure 2B represents the mean of zinc volatilization ratios of the 15 specimens in Table 2 and the diagonal line is its relevant least square fitting line given by JMP. The two dotted curves in Figure 2B mark out the confidence interval with 95% probability. Furthermore, the similar lines and curves in the other leverage diagrams in Figures 2 and 3 have similar meaning. It is seen that there is only one line in Figure 2A . This is because the fitting line coincides with the mean line. From the JMP manual it is known that in each leverage diagram if the mean line and the curves intersected this indicates that there is a significant correlation between the contributing factor and the volatilization ratio. Such intersections can be found in Figures 2C and 3C showing the significance of the influence of heating temperature on the volatilization ratios of both zinc and lead. On the other hand, this also implies that changes in the other three factors have an unobvious impact on the process in the experiment. Figure 4 shows the relationship between volatilization ratios and each contributing factor which is calculated from least square regression. The diagonal line in each diagram is the regression line and the two dotted curves marked the confidence interval with 95% probabilitythe same as in Figures 2 and 3 . The dotted horizontal line represents zinc and lead volatilization ratios predicted by the software. It is seen in Figure 4 that increasing the amounts of coke and lime powder results in an increase in zinc volatilization ratio but the increase becomes smaller as the amounts of coke and lime powder increase. Increase in heating temperature and holding time significantly improves zinc volatilization. However, increase in coke powder results in a decrease in lead volatilization while increase in lime powder, heating temperature, and holding time leads to a significant increase in lead volatilization.
Influence of the four contributing factors on zinc and lead volatilization
Conditions optimization for zinc and lead volatilization
As stated earlier, heating temperature is the most significant contributing factor to both zinc and lead volatilization. Thus, the most suitable heating temperature of the process is determined to be 1000°C. In order to allow the two metals to fully volatilize, the most suitable holding time is found to be 90 min. In Figure 4 it is seen that zinc almost fully volatilizes when the amounts of coke and lime powder are 29.6% and 13%, respectively. Accordingly, lead volatilization is approximately at an optimum with the same amount of coke and lime powder. Therefore, addition of 29.6% coke powder and 13% lime powder to the residues, 1000°C heating temperature, and 90 min holding time are the optimal conditions for both zinc and lead volatilization. The experiment result showed that under the above optimal conditions zinc and lead volatilization ratios both reached 99.4%.
Conclusion
The vacuum reduction and distillation process is an effective method for zinc and lead recovery from jarosite residues. Iron left in the slag is easy to recover by magnetic separation and convenient to be used. Thus, these three main metals, zinc, lead, and iron can be extracted from jarosite residues. Among the conditions, heating temperature influences the recovery most significantly. This means that the control of heating temperature is the key operating parameter of this process.
The vacuum reduction and distillation avoids air pollution caused by the volatilization of lead and zinc providing a clean method in dealing with jarosite residues. It also provides a new idea in dealing with the hazardous waste which contains volatile metals such as zinc and lead. 
